The interaction of two gypsy moth (Lymantria dispar) pathogens, a nucleopolyhedrosis virus (LdNPV) and a fungus (Entomophaga maimaiga), were studied by assessing mortality among dually inoculated hosts. When fourth and fifth instar gypsy moths were inoculated with a range of doses of LdNPV and a fixed dose of E. maimaiga on the same day, the majority of larvae died from E. maimaiga infections regardless of the dose of LdNPV. When the larvae were inoculated with E. maimaiga 10 days after LdNPV, there was an apparent increase in mortality of hosts induced by LdNPV. Among the fourth instars, the mortality due to LdNPV in the presence of E. maimaiga was significantly higher when insects were reared at 25 than at 20°C. At 25°C, the LD 50 of LdNPV for fifth instars was twofold greater than that for fourth instars. For those larvae that died from LdNPV, the median survival time (ST 50 ) of dually inoculated fourth and fifth instars was ca. 1 day shorter than those inoculated with LdNPV alone. The number of LdNPV occlusion bodies produced in the cadavers from the dually inoculated larvae was lower than those inoculated with LdNPV alone. 1999 Academic Press
INTRODUCTION
Gypsy moth, Lymantria dispar (Lepidoptera: Lymantriidae), is one of the most damaging defoliators of deciduous forests of the northeastern United States. Gypsy moth outbreaks have been observed at intervals of approximately 8-10 years (Elkinton and Liebhold, 1990) . Gypsy moth nucleopolyhedrosis virus (LdNPV) is the major pathogen responsible for the decline of such gypsy moth outbreaks (Campbell, 1981; Doane, 1970) . LdNPV epizootics have been recorded in North America since the early 1900s (Glaser and Chapman, 1913; Doane, 1970) . In nature, when a gypsy moth larva consumes LdNPV-contaminated foliage, it becomes infected and dies in ca. 2 weeks (Woods and Elkinton, 1987) . A large number of polyhedral occlusion bodies (OBs) are released into the environment, when the tissues of the infected larvae undergo lysis liquefying the whole insect (Engelhard and Volkman, 1995) . The OBs stabilize the virus in the environment and contain several hundred virions embedded in a crystalline protein matrix called a polyhedron.
The gypsy moth fungal pathogen, Entomophaga maimaiga appeared unexpectedly in the United States in 1989 (Andreadis and Weseloh, 1990; Hajek et al., 1990a Hajek et al., , 1995 . Since then E. maimaiga has decimated gypsy moths in both low-and high-density populations (Elkinton et al., 1991; Weseloh and Andreadis, 1992) . E. maimaiga is an obligate fungal pathogen of gypsy moth larvae. When a larva comes in contact with a spore, the spore differentiates and penetrates the larval integument. Early instars (firstfourth) succumb to E. maimaiga, usually producing externally visible conidia, a short-lived, infective stage (Soper et al., 1988) . Double-walled, sphere-shaped resting spores are mostly produced in the cadavers of older instars and these resting spores need to overwinter before becoming infective (Shimazu and Soper, 1986; Hajek and Shimazu, 1996) . A larva dies 4-7 days after contacting an E. maimaiga spore(s) depending upon the temperature and the larval stage (Hajek et al., 1993) .
Simultaneous occurrence of both LdNPV and E. maimaiga in natural populations of gypsy moths has been reported (Elkinton et al., 1991; Hajek and Roberts, 1992; Weseloh and Andreadis, 1992) . When we collected a large number of naturally occurring gypsy moth larvae and reared them in an outdoor insectary, a small proportion of the larvae died from mixed infec-tions of LdNPV and E. maimaiga (Malakar, 1997) . Mixed infections due to an interaction between two types of pathogens are not uncommon among insects in nature and may result in independent coexistence of the pathogens in the host. Alternatively, each may complement (synergize) or interfere with (antagonize) the development of the other (Tanada and Fuxa, 1987) . These kinds of interactions are known between microsporidia and viruses (Cossentine and Lewis, 1988; Fuxa, 1979) ; bacteria and nematodes (Bari and Kaya, 1984; Koppenhofer and Kaya, 1997) ; fungi and nematodes (Barbercheck and Kaya, 1990; Timper and Brodie, 1995) ; viruses and nematodes (Agra Gothama et al., 1995) ; viruses and fungi (Ferron and Hurpin, 1974; Koyama and Katagiri, 1967) ; and among viruses (Benz, 1971; Ritter and Tanada, 1978; Tanada, 1959) . The present study is the first report of interactions between a gypsy moth fungal pathogen and LdNPV at the level of the individual host. Yerger and Rossiter (1996) reported that gypsy moth larvae hatched from egg masses collected from Massachusetts in 1991 had very low mortality from LdNPV compared to the larvae from egg masses collected from other locations. They speculated that this difference might be due to the presence of E. maimaiga at these locations in the previous years. Smitley et al. (1995) and Weseloh and Andreadis (1992) both found a higher mortality of gypsy moths from E. maimaiga than from LdNPV in field-collected samples. Thus it seems likely that the interactions between these two pathogens may influence the prevalence and the transmission dynamics of each pathogen. We have conducted a series of laboratory and field studies since 1992 to determine the effect of E. maimaiga on LdNPV. In this paper, we present the outcomes of joint inoculations of LdNPV and E. maimaiga in gypsy moth larvae in the laboratory. The main purpose of the study was (1) to determine whether the mortality induced by LdNPV would be affected by the presence of E. maimaiga inoculated at the same time or at a later stage of LdNPV infection and (2) to determine whether the time to death of LdNPV-infected insects would be affected by the presence of E. maimaiga.
Previous studies have shown that the rearing temperature has a direct effect on the mortality of larvae inoculated with LdNPV and E. maimaiga. Gypsy moth larvae infected with LdNPV died sooner at 29°C than at lower rearing temperatures, but LdNPV yields and virus activity were similar across all temperatures (Shapiro et al., 1981a) . In contrast, the optimal temperature for E. maimaiga infection is 20°C (Shimazu and Soper, 1986) . To determine whether the rearing temperature would affect the results of sequential inoculations with LdNPV and E. maimaiga, we reared the inoculated larvae at 20°C, which is optimal for E. maimaiga growth, and at 25°C, which is optimal for LdNPV infection (Shapiro et al., 1981a) . In addition, larval age has a great influence on the type of E. maimaiga spore formed (Hajek and Shimazu, 1996) ; therefore, we used fourth and fifth instars in the study.
MATERIALS AND METHODS

Insects
Gypsy moth larvae used in the experiments were reared from egg masses of the New Jersey standard laboratory strain (USDA, APHIS, Methods Development Center, Otis, MA). To disinfect them, egg masses were submerged in a 5% formaldehyde solution for 1 h and then rinsed under running tap water for 2 h. Neonates were reared at 25 Ϯ 1°C on artificial diet (Bell et al., 1981) in groups of 15 per 180-ml diet cup until they started to molt to fourth or fifth instars. Within each stadium group, same-aged (molted within 12 h), similar-sized larvae, held without diet for 12 h, were used for inoculations.
Inoculation with LdNPV
The LdNPV used in this experiment was the plaquepurified, G2 clone of gypsy moth nucleopolyhedrosis virus, originally obtained from Dr. H. Alan Wood, Boyce Thompson Institute (Ithaca, NY). LdNPV OBs were stored at 4°C prior to use. LdNPV OBs were suspended in distilled water with blue food dye (FD & C Blue No. 1, Werner-Jenkinson Co., St. Louis, MO). The blue dye was used as a visual cue to distinguish inoculated diet cubes from the uninoculated ones. OB suspensions containing 1 ϫ 10 3 , 1 ϫ 10 4 , 1 ϫ 10 5 , 1 ϫ 10 6 , 1 ϫ 10 7 , and 1 ϫ 10 8 OBs/ml were made by serial dilution of a stock solution. The concentrations of OBs used were based upon a preliminary dose-response study of Ld-NPV and include a range that killed 5-100% of gypsy moth fourth and fifth instars. For each larva, a 1-mm 3 diet cube was cut from freshly made diet (Bell et al., 1981) . The diet cube was placed in an empty 30-ml diet cup and 5 µl of one of the LdNPV suspensions was placed on the top of the diet cube. The suspensions were vortexed for 1 min before inoculating the diet cubes. Individual larvae were placed in the cups immediately after the diet inoculation. Only those larvae which completely consumed the diet cubes within 12 h were used for subsequent analyses. A negative control group of larvae was fed diet cubes inoculated with a mixture of blue dye and distilled water. The larvae were reared at 20°C until fungal inoculations.
Inoculation with E. maimaiga E. maimaiga used in this study was originally collected by J.S.E. from a field plot near Northampton (MA), isolated by A.E.H., and stored in liquid nitrogen in the form of protoplasts in the ARS Collection of Entomopathogenic Fungi (ARSEF) USDA (Ithaca, NY). Three days prior to inoculations, a vial of protoplasts stored in liquid nitrogen was allowed to thaw by placing the vial in a water bath maintained at 37°C for 5 min. Thawed fungal protoplasts were transferred into 95% Grace's insect culture medium and 5% fetal bovine serum (Sigma Chemicals, St. Louis, MO) and the culture was maintained at 20°C in total darkness as described by Hajek et al. (1990b) .
To deliver a precise concentration of inoculum, we injected protoplasts of E. maimaiga into the test insects. The concentration of protoplasts was fixed at 1 ϫ 10 5 protoplasts/ml of Grace's insect growth medium, on the basis of a preliminary dose-response test using E. maimaiga protoplasts. This concentration of protoplasts caused 90% mortality in fourth instar gypsy moths at 20°C. Five microliters of 1 ϫ 10 5 protoplasts/ml protoplasts were injected per larva, as described by Hajek et al. (1990c) , using a 23-gauge needle on a 1-ml sterile syringe (Becton-Dickinson & Co., NJ) fixed into a microinjector (Model-4700 Superior, Instrumentation Specialties Co. Inc., Lincoln, NE). After injection, larvae were reared individually in 30-ml cups with artificial diet at 20 or 25°C. The negative control groups were inoculated with only Grace's medium.
Simultaneous Inoculations of LdNPV and E. maimaiga
Larvae inoculated with different concentrations of LdNPV, as described above, were divided into two groups. One of the groups was inoculated with 5 µl of 1 ϫ 10 5 protoplasts/ml of E. maimaiga, immediately after the insects had finished their LdNPV-inoculated diet cubes. The other group of insects, inoculated with LdNPV alone, served as the LdNPV-positive control group. Both groups of larvae were reared in groups of 10 per 180-ml cup at 20°C on artificial diet and mortality was recorded every day. Fecal materials were removed daily and dead individuals were removed immediately (before the breakage/leakage of the body fluid or conidia ejection from the integument) to minimize transmission of either pathogen to live individuals. The cause of death was determined on the same day the larva died by examining a drop of fluid extracted from a cadaver, under a compound microscope (Woods and Elkinton, 1987 ). Thirty individuals were tested per dose treatment and each treatment was replicated three times.
Sequential Inoculations of LdNPV and E. maimaiga
In this experiment, the larvae were inoculated with different doses of LdNPV and reared at 20°C on artificial diet in groups of 10 for 10 days. These larvae were then divided into two groups. One of the groups was injected with E. maimaiga protoplasts at rate of 5 µl of 1 ϫ 10 5 protoplasts/ml per larva and the other group of LdNPV-inoculated larvae was kept as the LdNPVpositive control group. Larvae of both groups were then reared individually on diet in 30-ml cups at 20 or 25°C. The whole experiment was repeated twice. Each trial was treated as a block for data analysis. Altogether, we used 2136 larvae in these experiments. The mortality was recorded and the cause of mortality was determined as described above.
LdNPV Progeny Production
To determine the number of LdNPV progeny produced, we weighed the cadavers of fifth instars (within 12 h after death of the larvae) and macerated them individually using a rounded tip glass rod and this suspension was sonicated. One milligram of macerated tissue was suspended in 1 ml distilled water. One hundred microliters of the suspension was transferred to 900 µl of distilled water and the number of OBs and fungal cells were counted using a hemocytometer. The statistical difference between the virus progeny produced among larvae inoculated with both pathogens or with LdNPV alone was determined by two-sample t tests. There were very few hyphae, conidia, and resting spores in the cadavers of sequentially inoculated larvae. We were not sure if hyphae seen on the hemocytometer were pieces from one or many hyphae. Therefore, we scored such cadavers having both LdNPV and E. maimaiga as dying from both agents, but did not use the fungal propagule numbers for any analysis.
Data Analysis
The mortality score was based upon the visible evidence of the pathogens on microscopic examinations of the cadavers. Microscopic examinations of larval smears to confirm the presence of LdNPV have been a standard practice used in field studies (Hajek and Roberts, 1992; Woods and Elkinton, 1987) . Although both pathogens might have been growing in a host prior to death, it is only with abundant production of conidia, resting spores, or viral OB that a pathogen was scored as causing death. It was not possible to determine which agent is the cause of death of the larva in those cases when both pathogens were observed.
We did not have any mortality in our negative control groups; however, we had some mortality due to unknown causes in LdNPV-positive control groups. We adjusted for unknown mortalities using a modified Abbott's correction (1925) :
where d v is the proportion of larvae that died from LdNPV, N all is the total number of larvae that died from all causes, N un is the number of larvae that died from unknown causes, and T i is the initial number of larvae. Although we have no direct way of knowing which pathogen is the real cause of death of the dually inoculated insects, we assumed that all cadavers that contained large numbers of occlusion bodies died from LdNPV, whether or not they also contained E. maimaiga spores. We used three ways of calculating mortality from LdNPV to account for those that were killed instead by E. maimaiga. Such mortality among the dually inoculated insects was calculated as (a) crude mortality (without Abbott's correction), (b) with Abbott's correction, and (c) the marginal rates under the assumption of proportional hazards (Elkinton et al., 1992 ). Abbott's correction (1925) assumes that E. maimaiga (or any other agent) kills the larvae first and then the mortality induced by LdNPV is the proportion dying from LdNPV among those that survive E. maimaiga. As pointed out by Elkinton et al. (1992) , this assumption may be unwarranted. Some of the dually infected larvae may die from E. maimaiga and some from LdNPV. Elkinton et al. (1992) proposed an alternate calculation based on the assumption of proportional hazards, which assumes that dually infected individuals will die from each mortality agent in proportion to the rates of infection by that agent. The formula of the mortality rate under the assumption of proportional hazards caused by LdNPV is
where m v is the proportional hazards caused by LdNPV, d is the observed death rate of gypsy moth larvae due to all mortality agents, and d v is the death rate due to LdNPV. Since we did not rear the test insects individually in the simultaneous inoculation study, we did not calculate a LD 50 value for LdNPV-induced mortality. Instead, we recorded the total mortality caused by both pathogens and analyzed the results by ANOVA (Super-ANOVA, Abacus Concepts Inc., Berkeley, CA, 1989) with doses of LdNPV administered and treatments (single or dual inoculations) and instar stage (larval age) as the main effects. The treatment means were separated by Fisher's protected LSD test. The LdNPVinduced mortality data from the sequential inoculation study were analyzed using PC-POLO (LeOra Software, Berkeley, CA, 1987) . A logit model was fitted to the data. The slope of the resulting logit line is the inverse of the standard deviation of the tolerance distribution (Finney, 1971) . The mean of the tolerance distribution is the median lethal dose (LD 50 ). We compared the slopes of the logit lines for both treatment groups using a Z test statistic (Kleinbaum and Kupper, 1978) . The LdNPV-induced mortality was subjected to ANOVA analysis with instar stage, rearing temperature, treatment type (single vs dual inoculations), and doses of LdNPV as the main effects. The median survival time (ST 50 ) due to LdNPV was determined using VISTAT (Hughes, 1991) , which is based upon the logit model of Bliss (1937) .
RESULTS
Cadavers of the larvae that were simultaneously inoculated with both LdNPV and E. maimaiga looked similar to the cadavers of larvae inoculated with E. maimaiga only. These cadavers had a whitish fungal mat on the body surface and when they were dissected and examined under a light microscope, a large number of hyphae and conidia and/or resting spores were observed. On the other hand, the larvae which were inoculated with LdNPV first and then E. maimaiga 10 days later showed no external evidence of fungal infection. However, these cadavers showed a large number of hyphae, conidia, or resting spores. Dually inoculated (simultaneously or sequentially) larvae which contained LdNPV occlusion bodies exclusively upon their death appeared similar to the larvae killed by LdNPV alone. The cadavers of the larvae showing mixed infection of both LdNPV and E. maimaiga were not externally different than cadavers of larvae that died from LdNPV alone. However, the former contained both OBs and hyphae, but no conidia or resting spores.
Simultaneous Inoculation of LdNPV and E. maimaiga
The overall mortality of the dually inoculated larvae (including all the doses of LdNPV) was higher (72.7%) than that of those inoculated with LdNPV alone (52.3%) (Fisher's protected LSD test, P ϭ 0.05). There was significant LdNPV dose effect (F ϭ 298.53; df ϭ 5, 11; P ϭ 0.0001), treatment type effect (F ϭ 139.58; df ϭ 1, 11; P ϭ 0.0001), and a marginal effect of larval age (F ϭ 4.14; df ϭ 1, 11; P ϭ 0.07). Among the dually inoculated group of the insects, most of the larvae that died contained E. maimaiga conidia, resting spores, or both. The mortality of dually inoculated larvae, showing evidence of E. maimaiga, occurred at the same time as in those larvae inoculated with E. maimaiga alone (5-7 days in fourth instars and 6-9 days in fifth instars) (Figs. 1a and 1c) . Mortality due to LdNPV was observed 13-20 days after inoculation. This is not unusual because we reared these insects at 20°C. There was some mortality due to mixed infections of LdNPV and E. maimaiga. Since this occurred from 13-20 days after inoculations, we suspect that this is due to a secondary infection from the conidia produced by the insects which died earlier from E. maimaiga, because these larvae were reared in groups of 10 after dual inoculations (Fig. 1a) . Although we removed any cadavers we found daily, E. maimaiga spores from the first cadavers may have infected other larvae before removal.
Sequential Inoculation of LdNPV and E. maimaiga
The main purpose of this experiment was to give LdNPV an opportunity to replicate inside the host before E. maimaiga had a chance to infect the larvae. Unlike the simultaneously inoculated larvae, the sequentially inoculated larvae were reared individually after E. maimaiga inoculation so that no secondary infection was possible. There were significant effects of doses of LdNPV fed, treatments (single or dual inoculations), and larval stage. The treatment effects became more pronounced when we applied Abbott's correction or the marginal rate calculations based upon the assumption of proportional hazards (Table 1) . This was especially true at the lower doses of LdNPV, where the proportion of larvae producing LdNPV in dually inoculated groups is higher than that in the groups inoculated with LdNPV alone (Figs. 2a and 2b) . However, as the dose of LdNPV increased above the LD 50 level, the LdNPV-induced mortality did not differ between the two groups (Fig. 2) . The LD 50 of LdNPV in the dually inoculated group was significantly lower than the LD 50 of the insects inoculated with LdNPV alone (Table 2) . In all cases, except the fifth instars reared at 25°C, the standard deviation of the tolerance distribution was FIG. 1. Proportion of gypsy moth fourth and fifth instars that died producing visible evidence of LdNPV, Entomophaga maimaiga, or mixed infection. (a) Larvae inoculated with LdNPV and E. maimaiga simultaneously, (b) larvae inoculated with LdNPV only, and (c) larvae inoculated with E. maimaiga only. The dose of LdNPV used was 5000 OB/larva and the dose of E. maimaiga was 500 protoplasts/larva. All the larvae were reared at 20°C after inoculations. The mortality was recorded daily and the cause of death was determined on the same date.
higher among the dually inoculated insects (Table 2) and the slopes of the logit lines are higher for the LdNPV-inoculated insects than for the dually inoculated groups (Table 3) .
Slope tests showed a significant difference only between the LdNPV only and dually inoculated fourth instars reared at 20°C (P ϭ 0.001) and fifth instars reared at 25°C (P ϭ 0.031). This suggests that LdNPV and E. maimaiga interaction is temperature and larval stage dependent. The median lethal dose (LD 50 ) of LdNPV was lower for both fourth and fifth instars at 20°C than at 25°C. Although we observed E. maimaiga within the cadavers of dually inoculated insects reared at 25°C, we did not find any fourth instars dying of E. maimaiga (positive control groups). Except for one insect, all of the fifth instars inoculated with E. maimaiga alone and reared at 25°C pupated, but later they all died, producing resting spores in the abdominal intersegmental region of the pupae.
Survival Time
The median survival time (ST 50 ) of dually inoculated larvae with sequential inoculation that died from LdNPV was significantly shorter than that of the larvae inoculated with LdNPV alone (Table 4 ). The ST 50 of fourth instars (whether dually inoculated or not) was significantly shorter than that of fifth instars when insects were reared at 20°C. Among the simultaneously dually inoculated groups, the majority of larvae died from E. maimaiga at times similar to those in the E. maimaiga-positive control groups. Similarly, the time to death was similar in the LdNPV-positive control group and the larvae that died and contained OBs in the dually inoculated group. In contrast, the sequentially inoculated groups had LdNPV-induced mortality 1-2 days earlier than the mortalities in the LdNPVpositive control groups (Table 4) . At 25°C, we observed either no or very few deaths from E. maimaiga, in both the positive control and the dually inoculated groups.
LdNPV Progeny Production
The OBs were counted from the cadavers of fifth instars only. We noted only the presence or the absence of the fungal cells, because we were not sure whether the pieces of hyphae we observed were from a single hypha or not. The number of OBs produced/mg body weight of cadavers was higher in the larvae inoculated with LdNPV alone than in sequentially dually inoculated groups (t ϭ 2.56, df ϭ 6, P ϭ 0.04) ( Table 5 ). This suggests that the presence of E. maimaiga lowers the LdNPV production in the cadavers of the larvae inoculated sequentially with LdNPV and E. maimaiga.
DISCUSSION
The higher proportion of larvae containing LdNPV at death among larvae inoculated with both pathogens rather than with LdNPV alone at low doses of LdNPV suggests a synergistic interaction between these pathogens. Such synergistic effects are not uncommon among insect pathogens and the interactions between two pathogens depended not only upon the time of inoculation but also on dose of pathogen(s) applied. For example, Koppenhofer and Kaya (1997) reported synergistic interactions between Bacillus thuringiensis japonensis and the nematodes Steinernema glaseri and Heterorhabditis bacteriophora, when two agents attacked grass grubs (Cyclocephala sps.). Similarly, when Melolontha melolontha grubs were treated with Beauveria bassiana in peat soil, 1 month after exposure to Entomopoxvirus melolonthae, Ferron and Hurpin (1974) observed a higher mortality among the grubs than when they were treated with these pathogens separately. Outcomes of the interaction between a microsporidian Vairimorpha necatrix and B. thuringiensis of Heliothis zea depended upon the dose of V. necatrix administered to the host (Fuxa, 1979) . A synergistic effect was observed when a higher dose of V. necatrix was applied. Note. The freshly molted fourth and fifth instars were inoculated with LdNPV and 10 days later they were inoculated with Entomophaga maimaiga.
* The F value calculated using the larval mortality based on the proportion of the larvae died producing visible evidences of LdNPV. ** The LdNPV-induced larval mortality calculated using Abbott's correction (1925) . *** The LdNPV-induced larval mortality based on the proportional hazard rates (Elkinton et al., 1992) .
In the present study, when gypsy moth larvae were inoculated with E. maimaiga and LdNPV on the same day, E. maimaiga alone was observed in the majority of cadavers. This probably occurred because of the shorter incubation time of E. maimaiga (5-7 days, Shimazu and Soper, 1986) than that of LdNPV (ca. 2 weeks in natural populations, Woods and Elkinton, 1987) . In sequential inoculation experiments, we inoculated fourth and fifth instars with different doses of LdNPV and allowed LdNPV to incubate in the insect for 10 days at 20°C, prior to E. maimaiga inoculation, so mortality from both pathogens would be expected to occur simultaneously. Among the fourth instars reared at 20 and 25°C, the LD 50 of LdNPV decreased significantly compared to the larvae inoculated with LdNPV alone ( Table 2 ), suggesting that the presence of E. maimaiga enhanced LdNPV replication within the larvae. The same was true among the fifth instars reared at 20°C; however, at 25°C, the confidence intervals of LD 50 of LdNPV for the two treatment groups overlap. It is possible that fourth and fifth instars respond differently to E. maimaiga at different temperatures, possibly due to differences in larval sizes or their physiological condition (Park et al., 1993) .
The optimal growth temperature for E. maimaiga is 20°C (Hajek et al., 1993; Shimazu and Soper, 1986 ),
FIG. 2.
LdNPV-induced mortality of fourth and fifth instars inoculated with LdNPV at day 1 and E. maimaiga on day 10 after their molting. The dark circles are the observed mortality due to LdNPV among the insects inoculated with both LdNPV and E. maimaiga, the open triangles are the LdNPV mortality in the larvae inoculated with LdNPV alone. The dark solid line is a fitted logit curve for LdNPV mortality in the dually inoculated group and the dashed line is for the LdNPV mortality in the LdNPV only group. The graphs in the first column indicate the crude observed mortality due to LdNPV without any corrections; the graphs in the second column are with Abbott's corrections; and the graphs in the third column represent the mortality rate based on the assumptions of proportional hazards (Elkinton et al., 1992) . The first and second rows are for fourth instars reared at 20 and 25°C; the third and fourth rows are for fifth instars at 20 and 25°C, respectively. whereas, 25°C is more optimal for LdNPV replications (Shapiro et al., 1981a) . We observed very little mortality from E. maimaiga among the positive control group of fifth instars at 25°C. This is similar to the findings of Shimazu and Soper (1986) . However, we observed sporulation and a significant number of mixed infections of E. maimaiga and LdNPV among the dually inoculated larvae reared at 25°C, indicating that E. maimaiga can infect larvae at higher temperatures in the presence of LdNPV.
In this study, the number of LdNPV OBs produced/mg of body weight in fifth instar cadavers of the LdNPV-positive control group was similar to those numbers reported by Shapiro et al. (1981b) . However, the number of LdNPV OBs produced in cadavers from sequentially inoculated larvae was lower than that in cadavers from larvae inoculated with LdNPV alone (Table 5 ). It is likely that the dually inoculated larvae died before the LdNPV production reached the levels required to kill the larvae, thus reducing the number of OBs produced in the cadavers. The majority of larvae from our simultaneous inoculation experiments died from E. maimaiga and their time to death matched with the time to mortality of the E. maimaiga-positive control group. This provides evidence that if LdNPV and E. maimaiga invade the gypsy moth larvae at the same time, E. maimaiga becomes the major source of host mortality. Hajek and Roberts (1992) recorded a 4% of larval mortality with dual infections of E. maimaiga and LdNPV among 677 field-collected cadavers. We also found a small proportion of field-collected larvae that a Larvae were inoculated with 5000 OB/larvae, i.e., closest to the LD 50 value.
b Larvae inoculated with 500 OB/larva. died with dual infections (Malakar, 1997 ). Since we did not know the exact time of infections and the amount of inocula, we were unable to determine the actual cause of death. We agree with Hajek and Roberts (1992) that it is possible that insects which are in an early stage of LdNPV infection might die producing fungal spores after E. maimaiga infection. Our sequential inoculation study results provide some explanation on this issue. When gypsy moth larvae were inoculated with E. maimaiga 10 days after inoculation with LdNPV, the majority of insects died producing visible evidence of LdNPV. However, some insects showed mixed infections of both pathogens and some showed only E. maimaiga. Therefore, it is not conclusive which agent will cause the death of dually infected hosts. However, it is safe to say that both agents work together. When we inoculated larvae with lower-than-LD 50 doses of LdNPV we observed a higher proportion of mortality among the dually inoculated larvae compared to the LdNPV-positive control group. The presence of E. maimaiga not only induced the higher mortality among the sequentially inoculated insects but also reduced the time to death by 1-2 days. The presence of a pathogens progeny in a cadaver from a dually inoculated larva is thus not only a result of time of inoculation but is likely also dose dependent. The visible presence of a pathogen in a cadaver from a dually inoculated larva does not indicate that that particular pathogen is the main cause of host death. This becomes particularly troublesome when we make estimates of mortality from one pathogen but the hosts die with mixed infections. The first two estimation methods we applied (a) without any correction and (b) Abbott's correction, which eliminates all the E. maimaiga-induced mortality first do not estimate the mortality caused by mixed infections. The latter is correctly applied when test insects die from one mortality agent or another, but not when they die from mixed infections. To overcome this we used the proportional hazard rates (Elkinton et al., 1992) to estimate the LdNPV induced mortality in individuals with mixed infections. The proportional hazards calculations are based upon the assumption that when two mortality agents are present at the same time, the outcome from their interactions depends upon which kills the larva first. In our case, the proportion of insects that died with mixed infection is based upon the number of insects that died from E. maimaiga first.
In conclusion, most larvae simultaneously inoculated with both E. maimaiga and LdNPV will actually die from E. maimaiga solely due to the shorter incubation time of E. maimaiga. On the other hand, subsequent infection of LdNPV-inoculated larvae, by E. maimaiga, appears to enhance the likelihood that such larvae will die from LdNPV. Although the numbers of occlusion bodies produced in dually infected larvae are fewer than the numbers produced in the cadavers inoculated and killed by LdNPV alone, apparently, infection secondarily by E. maimaiga has a synergistic effect on the LdNPV infection. 
